The continuous reliance on fossil fuels is unsustainable, due to the depletion of global reserves and the greenhouse gas emissions associated with their use. Therefore, there are vigorous research initiatives intended to develop renewable alternatives. Microalgae are a promising alternative for biodiesel production and have received increasing attention during the last few decades. However, is not yet sufficiently cost-effective to compete with petroleum-based conventional fuels. This happens essentially because of downstream processing -harvesting microalgae biomass and extraction of lipids are two of the most expensive processes from the overall process. Harvesting, drying, cell disruption, oil extraction and transesterification (into biodiesel) are highlighted processes in this review article. The techniques associated with each process present advantages and handicaps that are here discussed. Improvements that will directly affect the final production costs of microalgal biomass-based biofuels are also proposed.
Introduction
The rapid growth of world's population and rise of developing countries has led to increased energy needs (Harun, Danquah, and Forde 2010) . This is the cause of nowadays scarcity of petrochemical resources as well as environmental pollution problems. These are two critical challenges that need to be addressed by our society. In a result of this, many countries set national biofuel production targets and provided incentives and support to accelerate the growth of the bioenergy industry. For example, in the United States, Renewable Fuels Standard (RFS), part of the Energy Independence and Security Act (EISA) of 2007, set the annual production goal of ≈ 136 billion litres typically of biofuels until 2022 (U.S. Congress 2007) . To avoid adverse impacts on the supply of food for human consumption, EISA further specifies that 60 of the 136 billion liters of renewable fuels produced in 2022 should be advanced biofuels produced from algal biomass, for example. However, the current production capacity of advanced biofuels is less than 37 billion liters worldwide (Yue, You, and Snyder 2014) . Microalgae are leading the development of third generation of biofuels and have recently received much attention for the commercial production of advanced biofuels, including biodiesel. Despite the wide range of advantages associated with the production of biodiesel with these microorganisms (e.g. high carbon adsorption capacity (contributing to greenhouse gas (GHG)) reduction), an economic feasibility of the microalgae-based biofuels industry has not yet been achieved because it still doesn't have an highly economic process continuously operating centrifuges that can process large volumes of biomass. Centrifuges concentrate biomass quickly and can be easily cleaned or sterilized to effectively avoid bacterial contamination or fouling of raw product. Against this process is the considerable cost associated. In order to choose the proper harvesting method it is important to know which cell disruption technique will be used (next step of the overall process, if drying is dismissed), since the accepted moisture level will depend on it. (Richmond 2004; Grima et al. 2003; Amaro, Macedo, and Malcata 2012) . Taking into consideration the cost of thermal drying comparing to mechanical dewatering, a combination of methods can be used, such as, a pre-concentration with a mechanical dewatering step (microstrainer, filtration, or centrifugation) and then, a post-concentration (with a centrifuge or a thermal drying) (Mata, Martins, and Caetano 2010) . The right is to apply first the processes leading to larger volume reductions, followed by those that are more selective (and also more expensive). Another harvesting process is the electrolytic method, which is able to separate cells without chemicals addition. As a downside, the power that requires produces high temperatures that can destruct the system. Another disadvantage is the cathode fouling. A potential alternative for efficient mass harvesting of microalgae is flotation, which uses an oxidant to destabilize suspended microalgal cells (Engler 1985) .
Biomass Drying
In order for biodiesel production to be an economically feasible process, shortening the processes adjacent to its production is fundamental and, therefore, has been the starter for several investigations. According to some authors (Xu et al. 2011) , the use of wet biomass for the subsequent processes gives rise to higher value biofuels, on the other hand the use of dry biomass gives a higher fossil energy ratio, which is defined as the ratio between the amount of energy that goes into the final fuel product (fuel energy output) and the amount of fossil energy input (non-renewable energy) required for fuel production. Several methods can be used to dry biomass, such as spray-drying (Leach, Oliveira, and Morais 1998) , convective drying (Desmorieux and Decaen 2005) , drum-drying, fluidized bed drying, freeze-drying (Cordero and Voltolina 1997) , refractance window dehydration technology (Nindo and Tang 2007) , low-pressure shelf drying and sun-drying (Prakash et al. 1997) . These processes can increase biomass shelf life. The method that is more economically suitable for the biodiesel production would be the sun-drying, but due to the high content of water, the necessity for large drying surface and the possibility of losing some of the bioreactive products makes it ineffective (Li et al. 2008) . As for the other techniques, although they're more efficient, they're not economically feasible for biodiesel (Mata, Martins, and Caetano 2010) . In order to choose the most suitable drying method or even decide to bypass it, will depend on the desired final product. Considering that biodiesel is a low value product, skipping the drying process can be a possibility, not neglecting that further studies will be needed.
Cell Disruption
Cell disruption is a very important step of the overall process because most microalgae have a strong cell-wall, which difficult the lipids extraction and reduces the yield obtained. To overcome this problem, several methods can be used to break the cell wall. These methods can be mechanical (e.g. cell homogenizers, bead mills, ultrasound, autoclaving and spray drying), chemical (comprise the use of chemical treatments and osmotic shock) and biological (involve the use of enzymes to degrade polysaccharides and/or proteins) (Kim et al. 2013; Mata, Martins, and Caetano 2012) . Ultrasound and microwave assisted extractions were reported by Cravotto et al. (2008) as being great to improve the extraction of bioactive substances from microalgae at shorter reaction times and up to 10 times lower solvent consumption. These authors also found that ultrasounds worked better than microwaves, improving higher yields of oil extraction. Additionally, they proved these methods to be less toxic, more economical and more efficient than the co-solvents extraction approaches. Another authors (Burja et al. 2007 ) proved the efficiency of ultrasound combined with solvents (methanol:chloroform) for breaking the cell walls of Thraustochytrium sp. ONC-T18, concluding that this was the best technique to extract fatty acids, from all the evaluated ones. Lee et al. (2010) tested autoclaving, bead-beating, microwaves and sonication to identify the most effective for lipids extraction from Botryococcus sp., Chlorella vulgaris and Scenedesmus sp.. They concluded that the most effective, simple and easy was microwave. The efficiency of fatty acid extraction from Scenedesmus obliquus was assessed by Wiltshire et al. 2000 , who compared a technique that included quartz sand, solvent and ultrasound (in freeze dried algal) with another technique combining solvents with subsequent incubation, concluding that the first one had twice the extraction efficiency and it is a method that conserves the fatty acids present in the biomass without affecting the products. Another method referred (Sommerfeld et al. 2010) as being good at improving the lipid extraction efficiency is electroporation. This method alters the cell membranes and walls, reducing the duration of the extraction and the use of solvent without affecting the composition of the extracted fatty acids. Bead-beating method has also been studied and proved to be better in lipids extraction of Botryococcus braunii, than sonication, homogenization, French pressing or lyophilization (Geciova, Bury, and Jelen 2002) . However, this is not an easy to scale up method. Given the above, microwave has been proved to be the most efficient, simple and easy to scale-up disruption cell method. Nonetheless, the choice of the technique to be used must take into account the species that will be used.
Oil Extraction
Microalgae possess two kinds of lipids -polar lipids and non-polar lipids. Polar lipids are associated with the membrane structure and flexibility (e.g. phospholipids and glycolipids). Non-polar lipids are the glycerides (mono, di and tri) and also some vitamins, hydrocarbons, was esters and sterols (Benemann and Oswald 1996) . The species of microalgae have a great role on the applicability of the extraction method and it's efficiency. For example microalgae that lack a cell wall are more prone to shear breakage than ones that contain a rigid cell wall. Other important aspects are the cell wall composition, strength and structure (when applicable) (Mata, Martins, and Caetano 2012) . The most recognized method for total lipid quantification is the Bligh and Dyer co-solvent system (Bligh and Dyer 1959; Grima et al. 1994 ). This technique consists in exposing the lipid-containing tissue to a miscible co-solvent mixture -methanol, chloroform and waterin the ratios of 1:2:0.8 and 2:2:1.8 before and after dilution, respectively. The homogenate obtained is then diluted in water, creating a biphasic system where the non-lipids accumulate on the water/methanol phase and the lipids accumulate on the chloroform phase. After isolating the chloroform, it is evaporated leaving an extract of purified lipid (Mata, Martins, and Caetano 2012) .
The downsides of this method are that the chloroform can extract more than just lipids compromising the true lipid content (Iverson, Lang, and Cooper 2001) ; the toxicity of chloroform and methanol; as well as the difficulty to scale up.
There has been some research on the Bligh and Dyer method to mitigate its disadvantages. (Grima et al. 1994 ) compared seven solvent mixtures, concluding that a mixture of ethanol at 96 % and hexane/ethanol at 96 % resulted in higher lipids yield. Hara and Radin (1978) proposed the use of less toxic and cheaper solvents (hexane/isopropanol). Lewis, Nichols, and McMeekin (2000) concluded that adding to the biomass the solvents chloroform, methanol and then water, in this order of increasing polarity, the total amount of lipids and fatty acids extraction increased about 30 %. What happens is that the initial contact with the chloroform or with a mixture of chloroform and metanol, weakens the association between lipids and proteins in the cell membrane, making them permeable for water, to separate them.
Solvent extraction techniques still have some problems that need to be overcome, such as the difficulty to scale-up and the high quantity of solvents required for extraction (Benemann and Oswald 1996) . In this way, some other options should be considered. Methods that employ elevated temperatures and pressures can be used. Some examples of these, are pressurized fluid extraction (PFE) (Denery et al. 2004) or accelerated solventextraction (ASE) (Richter et al. 1996) , supercritical fluid extraction (SFE) (Cheung 1999 ) and subcritical water extraction (SCWE) (Eikani, Golmohammad, and Rowshanzamir 2007) . All of these have the same advantage in common, which is the facility of access to the lipids extracted because of the higher temperature and pressure applied, that increases the solvation power of the solvents as well as their capacity to solubilize the lipids extracted. Despite this, these techniques are not suitable for large scale, since the organic solvents used are expensive and the methods require an energy expenditure (Cooney, Young, and Nagle 2009). Richter et al. (1996) and Mulbry et al. (2009) used ASE for lipid-extraction. The first ones, reported a very short extraction time (less than 15 min), without causing thermal degradation of temperature-sensitive compounds. The second group of authors tested the ASE with three solvents (chloroform/methanol, isopropanol/hexane and hexane) and compared it with Folch method, concluding that the ASE method yielded higher values for total oil content.
SFE is a less effective technique in extracting polar compounds from natural matrices because of supercritical CO2 low polarity. This implies the addition of co-solvents, which are highly polar compounds that when added in small amounts, can produce substantial changes in the solvent properties of pure supercritical CO2 (Herrero, Cifuentes, and Ibanez 2006) . In the end of the process, the product can be easily separated from the solvent just by lowering the temperature and pressure to atmospheric conditions, where the fluid returns to its original gaseous state and the extracted product remains as a liquid or solid.
Various authors already tested SFE of lipids, in order to test its suitability. Canela et al. (2002) concluded that both the temperature and the pressure affected the extraction rate and the effect of the temperature prevailed over that of the pressure. The extracts were rich in essential fatty acids.
The main disadvantage of SFE of lipids from microalgae is that it requires high pressure equipment, which is expensive and energy intensive, increasing the operating costs and limiting applicability in biofuels production from microalgae.
Lipids extraction based on the use of water at temperatures just below the critical temperature (between 100 and 374 °C) and a pressure high enough to maintain the liquid state, is possible with SCWE. The advantages and obstacles of SCWE, as an effective method for the isolation of high-quality essential oils were discussed by Luque de Castro, Jiménez-Carmona, and Fernández-Pérez (1999) . In this technique, the lipids are easily extracted, because when the temperature and pressure return to atmospheric, the water is no longer miscible with the lipids. The greatest advantage associated with this method is the possibility of being applied directly to harvested microalgae without need for the dewatering step. However, such as the other techniques discussed above, SCWE has the same constraintsenergy intensive process and difficulty to scale-up.
Oil Transesterification into Biodiesel
Biodiesel is a mixture of fatty acid alkyl esters obtained by transesterification of oils or fats, whose main components are triglycerides (90 -98 %). A smaller fraction of mono-and diglycerides, free fatty acids, residual amounts of phospholipids, phosphatides, carotenes, tocopherols, sulphur compounds and water (Bozbas 2008) .
Transesterification is a three reversible steps reaction: triglycerides are first converted to diglycerides, then to monoglycerides and finally to esters (biodiesel) and glycerol (byproduct). Then, it follows re-esterification with a short chain alcohol (usually methanol), which ensures high volatility. These reagents, alcohol and oil, are used in the presence of a catalyst (usually NaOH) in a molar ratio of 6:1 to guarantee that the reaction is driven in the direction of methyl esters (towards biodiesel -despite theoretical molar ratio is 3:1) (Fukuda, Kondo, and Noda 2001) . The relationship between the feedstock mass input and biodiesel mass output is about 1:1, which means that the quantity of oil used results in the same quantity of biodiesel produced (theoretically 1 kg of oils produces 1 kg of biodiesel) (Mata, Martins, and Caetano 2010) .
Other catalysts can be used (instead of NaOH), such as acids (Fukuda, Kondo, and Noda 2001) and lipase enzymes (Sharma, Chisti, and Banerjee 2001) . However, alkali-catalyzed transesterification is much faster (about 4000 times) than the acid catalyzed reaction (Fukuda, Kondo, and Noda 2001) . Although the use of lipases offers important advantages, is not currently feasible because of the high cost associated (Fukuda, Kondo, and Noda 2001) .
In respect to the alcohols used, another ones can be utilized, in spite of methanol, however methanol is the cheapest. A consequence of transesterification reaction is soap formation, which causes yield loss. To prevent this, the oil and alcohol must be dry and the oil should have a minimum of free fatty acids. In the end, biodiesel is recovered by repeated washing with water to remove glycerol and methanol (Chisti 2007 ).
An alternative to transesterification process is in situ transesterification, which happens directly inside the biomass and facilitates directly conversion of fatty acids to their alkyl esters, reducing the processing costs, by eliminating the solvent extraction step and alleviating the need for biomass drying in harvesting. It's a very promising alternative because alcoholysis of oil while in the biomass matrix leads to biodiesel higher yields and waste production is also reduced (Ehimen, Sun, and Carrington 2010) .
Conclusions
Most of the companies that intend to produce biodiesel from microalgae economically in the next few years, don't have sufficient technical expertise to do it, because of the current limitations essentially related to microalgae harvesting and oil extraction processes. In this way, investment in technological development and technical expertise is needed before algal biodiesel is economically viable and can become a reality. In this way, it is essential to develop new strategies and to incorporate positive elements of the existing approaches. New approaches should be applicable to any microalgal species without significant differences in effectiveness and must be scalable to meet the challenge of commercial biodiesel production. One of the best solutions to achieve these goals may be the direct conversion of wet microalgal biomass to biodiesel (avoiding the drying step). The techniques used for harvest, extraction, and conversion must be environmentally sustainable while being sufficiently inexpensive to make microalgal biofuels competitive with petroleum-based transportation fuels. This work allowed to conclude that most of the techniques available for downstream processing require high energy consumption, which is critical from an economic and environmental point of view. Furthermore, the choice of the techniques for harvesting and dewatering determines the subsequent downstream unit operations, including the methods to be used for lipid extraction and possibly the transesterification reaction.
